Several types of subunit interactions are implicated in stabilizing ATCase as an oligomer (6) composed of six catalytic (c) and six regulatory (r) polypeptide chains (7-9) organized as two catalytic (C) and three regulatory (R) subunits (9-12). Much evidence (13) has been accumulated in support of a model for ATCase as a complex of two C trimers bridged by three R dimers, i.e., C2R3. In this structure there are six c: c bonding domains linking the c chains in each of the two C trimers; three r:r bonding domains linking the r chains in the three R dimers, and six c: r domains linking the c and r chains (12, 13). Free C subunits are devoid of cooperativity and inhibition (2, 6, 14) as is the species CR3 (15), which is transiently observed only in the presence of a large excess of R (16). In contrast, the stable R-deficient species, C2R2 (17, 18), exhibits both homotropic and heterotropic effects, although their extent is reduced compared to the native enzyme (18).
versible acylation of amino groups with 3,4,5,6-tetrahydrophthalic anhydride. This technique exploited the charges contributed by the tetrahydrophthaloyl groups as a "chromatographic handle" for separating the various species. Enzyme-like molecules containing one fully active and one inactive catalytic subunit showed cooperative kinetic behavior, considerable inhibition by CTP, and a substantially increased apparent Km compared to the native enzyme. Similar properties were observed for an intrasubunit hybrid containing one inactive catalytic polypeptide chain in each subunit. The cooperative interand intra-subunit hybrids also exhibited conformational changes similar to those found for the native enzyme upon the addition of stereospecific ligands. These observations, taken together with data for other complexes of catalytic and regulatory subunits, illustrate the importance of the architecture of aspartate transcarbamoylase and the quaternary constraint stemming from the subunit interactions.
Following the discovery (1) that the regulatory enzyme, aspartate transcarbamoylase (ATCase) (EC 2.1.3.2; carbamoylphosphate: -aspartate carbamoyltransferase) from Escherichia coli, is subject to feedback inhibition by CTP and to activation by ATP, there has been much interest in understanding how-these effects are mediated by the protein (2, 3) . Similarly, effort has been directed toward developing a molecular mechanism for the observed cooperative (sigmoidal) dependence of enzyme activity on the concentration of the substrate, aspartate (1) . These two characteristics of allosteric enzymes, known as heterotropic and homotropic effects, are attributed generally to subunit interactions which permit the molecules to assume different conformations (4,-5 Several types of subunit interactions are implicated in stabilizing ATCase as an oligomer (6) composed of six catalytic (c) and six regulatory (r) polypeptide chains (7) (8) (9) organized as two catalytic (C) and three regulatory (R) subunits (9) (10) (11) (12) . Much evidence (13) has been accumulated in support of a model for ATCase as a complex of two C trimers bridged by three R dimers, i.e., C2R3. In this structure there are six c: c bonding domains linking the c chains in each of the two C trimers; three r:r bonding domains linking the r chains in the three R dimers, and six c: r domains linking the c and r chains (12, 13) . Free C subunits are devoid of cooperativity and inhibition (2, 6, 14) as is the species CR3 (15), which is transiently observed only in the presence of a large excess of R (16) . In contrast, the stable R-deficient species, C2R2 (17, 18) , exhibits both homotropic and heterotropic effects, although their extent is reduced compared to the native enzyme (18) .
One systematic approach to an understanding of the structural requirements for cooperativity and feedback inhibition in ATCase involves the construction of hybrid molecules containing modified subunits (9, 10) . Can cooperativity and inhibition be obtained with hybrids containing one active (native) C and one inactive C and three R subunits? Would a hybrid containing active and inactive c chains in each C subunit (along with three native R subunits) exhibit allosteric behavior? As shown below, both types of ATCase-like molecules have been constructed, and they exhibit kinetic and physical properties similar to those of the native enzyme.
Inactivation of the C subunits was achieved specifically by reaction of the protein with pyridoxyl 5'-phosphate followed by reduction of the Schiff base with NaBH4 (19) . Since reconstituted ATCase-like molecules containing native and pyridoxylated chains did not differ sufficiently from native enzyme in electrophoretic and chromatographic behavior to permit isolation of the desired species, we introduced additional charged groups by reacting the inactive derivative, Cp, with the "reversible" anhydride, THPA (20) . The resulting THP-groups serve as a "chromatographic handle"; after the appropriate hybridization and fractionation these groups were removed readily at pH 6.0. In this way CNCP [RI and CnnpCnnp[RI were obtained in purified formt.
MATERIALS AND METHODS
ATCase, CN and R were prepared by procedures described earlier (23) . The enzyme was assayed by the method of Porter et al. (24) . Pyridoxylation of CN with pyridoxal 5'-phosphate followed by reduction of the-Schiff base with NaBH4 was performed according to the technique of Greenwell et al. (19) . The resulting derivative, Cp, had 1.2 residues of pyridoxamine 5'-phosphate per c chain and retained about 2% of the enzymic activity of CN. Pyridoxylated derivatives were stored in the dark except for brief exposure during experimental manipulations.
Acylation with THPA was performed at pH 8.2 by the addition of the THPA solution (0.5 M in dioxane) to the protein (5 mg/ml) in 50 mM K2HPO4, 2 mM EDTA, and 2 mM fl-mercaptoethanol. The molar ratio of THPA to lysyl residues was 0.6 and the reaction, as judged by the attainment of a constant pH (about 7.7), was complete within about 20 min. The resulting derivative (with 30-40% of the amino groups acylated) was dialyzed against 50 mM Tris * HCl, 2 mM EDTA, 2 mM ,B-mercaptoethanol at pH 8.25 in order to remove the tetrahydrophthalic acid. THP-proteins were maintained at 00 and pH 8.4 except for the subsequent chromatography. Deacylation sufficient to remove more than 95% of the THP-groups was performed by incubating the protein at room temperature for 1-2 days in a 50 mM potassium phosphate buffer at pH 6.0 by the procedure of I. Gibbons figure) . Fractions of 2.0 ml were collected up to 220 ml.
Enzymic and Physical Properties of the Hybrids. (Fig. 3a) . The cooperativity is emphasized in Fig. 3b , where the kinetic data are plotted as specific activity divided by the aspartate concentration as a function of the specific activity (27) . Both (2, 6, 14) . $ Electron microscopy (28) and x-ray diffraction studies (29) indicate that the two catalytic subunits, though close to each CR3 (16) , composed of only one native C and three R subunits, Proc. Nat. Acad. Sci. USA 71 (1974) other, are not in direct contact.
ATCase hybrids containing native subunits and either catalytic or regulatory subunits that were extensively modified with dicarboxylic acid anhydrides have been found to be noncooperative. The hybrid CNCP,T[R] containing many THPgroups on the pyridoxylated catalytic subunit is no exception (see Table 1 
